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Abstract: Social housing sector is very important in Brazil, due to the necessity 
of expansion and investments being placed through a substantial government 
program. Residential buildings are expected to last at least 50 years according 
to Brazilian standards. Many residential projects in the sector already perform 
medium or poorly in terms of energy efficiency and thermal comfort today, 
and their designs are not analysed considering climate change. Therefore, the 
aim of this paper is to investigate the result of analysing the thermal and 
energy performance of social housing projects considering climate change, and 
to assess the impact on the operational phase of introducing energy efficiency 
measures in the sector, and exploring methods of adaptation to climate 
change. A representative project of the lower income sector housing was used 
as case study with the evaluation of measures through thermal and energy 
simulation with current and future weather files for the cities of São Paulo and 
Salvador. Results were compared using predicted energy consumption and 
cooling and heating degree-hours as indicators. The results highlighted some 
differences related to the climate scenarios and indicator analysed, and 
showed that the incorporation of energy efficiency measures in current social 
housing projects is of fundamental importance to minimize the effects of 
climate change in the coming decades.  
Keywords: social housing; energy efficiency; adaptation measures; climate 
change; thermal performance.  
 
1. Introduction.  
The construction industry is associated with a high environmental impact due 
to its use of natural resources coupled with rising demand in line with rapid 
population growth. A major impact is the energy consumption and associated 
emissions of greenhouse gases that influence climate change through global 
warming [1]. Due to the long life in use of buildings, changes in climate can 
influence energy demand for heating and cooling and consequently the 
emissions of greenhouse gases from buildings [2]. However, in Brazil most 
studies of the energy performance of buildings that use thermal and energy 
simulations to predict building performance only make use of past weather 
files.  
In Brazil, the housing deficit is around 5.8 million, 85.7% is urban and 82.5% 
affects families with incomes up to a maximum of three times the minimum 
wage [3]. In 2009 the Brazilian government launched the “My house, My Life” 
Program, as a strategy to address the deficit [4]. Housing Companies and Public 
Agents linked to States and Municipalities are the main agencies to deliver 
housing projects in the lower income sector, and they tend to prioritize 
projects with lower capital costs [5]. Therefore, more emphasis is commonly 
placed on initial cost rather than on the operational phase. Researches such as 
Bodach and Hamhaber [6]; Curcio and Da Silva [7]; Linck et al. [8] and Almeida 
[9], among others, have shown a poor thermal performance of projects in the 
social housing sector in Brazil. Also, recent research by Triana, Lamberts and 
Sassi [10] displayed medium and especially poor thermal and energy 
performance for projects representative of the lower income sector in relation 
to the Brazilian Energy Labelling, showing the importance of implementing 
measures to improve the thermal and energy performance. Buildings with 
poor thermal performance result in discomfort for users, which could influence 
the health of occupants, and, as their income increases, the occupants opt for 
the use of environmental conditioning, increasing the operating cost of the 
building and CO2 emissions. An increase of air conditioning country-wide 
would mean the need for the country to expand its energy infrastructure.  
The minimum performance Standard for Residential Buildings in Brazil - NBR 
15575 requires social housing to be built for a useful life of at least 50 years. 
Projects in the sector should be able to guarantee this performance, to avoid 
liabilities that could result in greater cost for the country. Thermal and energy 
simulation in buildings can be used to predict future building performance 
taking into account weather data. For more precise simulation results, it is 
necessary the use of annual weather files on an hourly basis. The most current 
weather files used for building´s simulation in Brazil come from data between 
1961 to 1990, or if more recent, from 1976 to 2005, which does not reflect the 
trends of climate change. 
For impacts analysis, the IPCC establishes future scenarios related to climate 
change, which allow alternatives for mitigation or adaptation to be evaluated. 
In 1996 a set of scenarios (SRES) were developed. The SRES scenarios were 
used in the third and fourth IPCC reports [11]. In the fifth and most recent IPCC 
report (AR5), published at the end of 2014, it was decided to adopt a new set 
of scenarios produced by the scientific community [12]. The SRES scenarios 
covered different alternatives of demographic, economic and technological 
evolution and were divided into four main evolutionary lines, which create four 
family scenarios (A1, A2, B1 and B2). In the fifth report (AR5), a limited number 
of alternatives called RCPs (Representative Concentration Pathways) were 
estimated, based on concentrations of greenhouse gases, in order to provide 
representative pathways of climatic futures. RCPs scenarios include 4.5 and 8.5 
[12].  
Scenarios A2 and A1F1 of IPCC SRES scenarios and RCP 8.5 of the 5th report are 
considered to be of high emission. The A2 scenario for the SRES scenarios is 
considered to represent the current trend in the world. Figure 1 shows the 
relationship of the trend between SRES and RCPs scenarios.  
A method for developing future weather files based on the morphing method 
by Belcher, Hacker and Powell [14] was proposed by Jentsch, Bahaj and James 
[15], to adapt EPW (EnergyPlus Weather files) incorporating forecasts of 
climate change. For this, the Climate Change World Weather File Generator for 
World-Wide Weather Data (CCWorldWeatherGen) tool was developed, 
enabling the generation of future weather files for any location in the world. It 
considers the results from the HadCM3 model using A2 scenario from the III 
assessment report of IPCC. The problem of the CCWorldWeatherGen is that it 
does not use the latest report data (AR5) from IPCC, only represents one 
scenario (A2) and uses global data from IPCC, so no regional data is being used. 
In Brazil, there is still not much regional data available for future weather. 
Therefore, and according to Jentsch et al. [16] until more regional data is 
produced, “morphed” weather files produced with the CCWorldWeatherGen 
tool can be used for a practical approach to studying the impacts of climate 
change in buildings.  
In relation to climate change strategies for buildings there are two different 
approaches: mitigation and adaptation. Adaptation can be done by enabling 
the capacity of adaptation through a better energy performance of the 
building [17]. Some studies evaluating energy efficiency adaptation measures 
have been undertaken especially in more developed countries where regional 
climate data is more available. Van Hooff et al. [18] investigates six passive 
climate change adaptation strategies for three typical residential buildings of 
two different periods in Netherlands. Results indicate that exterior solar 
shading and additional natural ventilation were the most effective strategies, 
and for more insulated buildings, additional measures will be needed. 
Similarly, Gupta and Gregg [19] studied seven adaptation options in four 
typical typologies of existing dwellings in England. Shading controlled by the 
user proved to be the best strategy, however, none could totally eliminate the 
risk of overheating in homes, considering the year 2080. Ren, Cheng and Wang 
[17] researched climate change adaptation for Australian residential buildings 
considering simulation and costs-effectiveness in existing and new buildings in 
eight bioclimatic zones. Results indicated that cooling and heating end uses 
were dominant. Also, that in climates with more heating requirements an 
adequate level of adaptation could be achieved by improving energy efficiency 
of the building envelope; for climates with more cooling needs it could only be 
achieved with the addition of energy efficiency equipment and renewable 
energy. For the social housing sector, Roders [20] did a qualitative study of the 
likelihood of the adoption of five adaptation measures to the housing stock for 
housing associations in the Netherlands. Results showed that climate change is 
still not considered, but many housing associations saw an opportunity in 
receiving a selection of strategies and information on the most appropriate 
combination. In Brazil, future regional weather data is generally not available 
and aside from few studies, among which are Casagrande [21] and Alves, 
Duarte and Gonçalves [22], there is still limited research analysing building 
performance in response to climate change, especially for social housing. 
Therefore, the aim of this paper is to investigate the result of analysing the 
thermal and energy performance of projects developed for national Programs 
of Social Housing considering climate change; and to assess the impact on the 
operational phase of incorporating energy efficiency measures in the sector, 
and exploring methods of adaptation to climate change with focus on the 
thermal and energy performance of the envelope. The analysis was done using 
thermal and energy simulation of a project representative of the lower income 
sector. This research is part of a broader study found in Triana [23] that has as 
main goal to evaluate the incorporation of energy efficiency measures in 
Brazilian social housing, through an integrated life cycle approach considering 
climate change and aspects of sustainability with focus on the thermal and 
energy performance of the building. The first part of the current paper 
introduced the context of the study and covered the literature review on 
relevant topics for the research. The second part describes the method used 
and presents the evaluated measures for energy efficiency. The final parts are 
the results, discussion and conclusions of the study.  
2. Method  
The following was undertaken in order to do this study: a) preparation of 
future weather files for the selected cities; b) identification of parameters for 
thermal and energy simulation for the representative project considering two 
forms of operation: natural ventilation and with use of HVAC, and c) definition 
and evaluation of adaptation measures through indicators in the building´s 
operational phase.  
2.1. Future weather files  
This study addressed climate change in terms of the variables that influence 
thermal and energy performance of the building. This research is aware of 
IPCC´s suggestion that more climate models should be used for the evaluation 
of future weather to take uncertainties into account. However, since regional 
data was not available for this study, this research adopted the use of the 
CCWorldWeatherGen Tool version 1.8 to convert current Brazilian weather 
files to future weather files for use in the thermal and energy simulations. 
According to Robert and Kummert [24], the HadCM3 model that is considered 
in the CCWorldWeatherGen Tool is a model with mesh point with cells every 
2.5o in latitude and 3.75o in longitude, the cell size being approximately 
300km x 300km. The model gives monthly mean values for time horizons that 
represent average conditions of a period. Typically, the year 2020 represents 
the period from 2011 to 2040, the year 2050 the period from 2041 to 2070 and 
the year 2080 represents the period from 2071 to 2100.  
Files from São Paulo and Salvador in TRY format were used, available in LABEEE 
[25]. The year corresponding to the files for the two cities is within the period 
from 1961 to 1990, in accordance with the recommendation of the tool. 
Therefore, the future weather files from both cities were obtained using the 
CCWorldWeatherGen Tool. The files were converted to EPW files following the 
methodology of the tool in Jentsch et al. [16] considering only the years 2020 
and 2050. Since 2020 represents the period from 2011 to 2040, and the year 
2050 the period from 2041 to 2070, it was assumed that the 50 years period of 
the expected building life was represented. The analysis was made of buildings 
in two Brazilian cities; São Paulo and Salvador. Both cities have a high housing 
deficit and they have different and extreme weather. Buildings in São Paulo 
(SouthEast region) has necessities for cooling and heating and those in 
Salvador (Northeast region) only for cooling throughout the year.  
2.2. Base case of representative project  
The representative project of the detached house typology for the lower 
income sector in social housing characterized by Triana, Lamberts and Sassi 
[10] was used as base case for this study. The house has a net area of 39,75m2 
. Figure 2 shows the floor plan and the simulation model of the detached 
house. The project was evaluated using the thermal and energy simulation 
software EnergyPlus v. 8.2. The EnergyPlus program, developed by the US 
Department of Energy, models the performance and energy consumption of 
multizone buildings based on the building design and climate data [26], as well 
as other parameters. The Energy Plus Program allows simulations of artificially 
conditioned and naturally ventilated buildings. Four thermal zones were 
created: living, bedroom 1, bedroom 2 and bathroom, all with a ceiling height 
of 2.5m. The attic was also modelled as a thermal zone. The next sections 
describe the parameters needed for the thermal and energy simulation.  
2.2.1. Envelope components  
Description and thermal properties of the envelope´s components for the base 
case are placed in Table 1.  
2.2.2. Definition of internal loads for thermal and energy simulation  
For the definition of internal loads in the two cities, five references were 
analysed. Three of them were national surveys: Information System of 
Appliances Possessions and Consumer Habits – SINPHA [27], National Survey 
by Household Sampling - PNAD [28] and 2010 Census [29]. Also, data from the 
Brazilian Energy Labelling [30] and the National Electric Energy Agency – ANEEL 
[31] was reviewed. There were significant differences between regions for 
some end-uses; however, it is believed that in future the most striking 
differences will diminish as increases in the family income will enable 
occupants to create more comfortable homes with air conditioning. Therefore, 
electric consumption for the base case was estimated to be 136.65 
kWh/month (for lighting, hot water and appliances except air conditioning). 
This value is in accordance with national studies. Of this, 64 kWh/month was 
related to hot water consumption. Occupancy patterns were based on the 
Brazilian Energy Label, and PNAD´s data. Although acknowledging some 
differences between Northeast and Southeast regions, to allow comparisons 
four users were assumed in both cities. Figure 3 shows the internal loads.  
2.2.3. Parameters for thermal and energy simulation with HVAC and natural 
ventilation  
Simulations were run with two operation modes based on the Brazilian Energy 
Labelling. The first with exclusive use of natural ventilation and the second 
with use of HVAC during certain hours of the day. Simulations with natural 
ventilation were done using the airflow network object in EnergyPlus defined 
as happening 24 hours per day throughout the whole year. The ventilation 
control mode was established by a temperature with a setpoint of 20°C. The 
simulation of HVAC was used to see the expected energy use of artificial 
conditioning, since there is a current increase in the sector. It was modelled 
using the Packaged Terminal Heat Pump available in EnergyPlus and 
established for all main rooms (bedrooms and living room/dining/kitchen), 
linked to a thermostat established for heating on 19.5°C based on De Vecchi et 
al. [32]. For cooling it was based on Sorgato [33] varying with a timer, being 
24oC from 7:00am to 12:00pm and 25oC after 12:00pm until 7:00am. The 
HVAC system´s use followed occupancy of main rooms. The COP for cooling 
and heating was 3,24 W/W considered level A in the Brazilian Energy Labelling. 
The simulations assumed natural ventilation when the HVAC was not in use. 
And to consider ground temperatures, very significant for this typology, the 
“ground domain slab” from EnergyPlus was used.  
2.3. Definition of adaptation measures  
As already stated, the literature review highlighted the importance of 
implementing measures to improve the thermal and energy performance of 
social housing. Thus, based on national references such as the Energy Labelling 
[30], Blue House Seal (Selo Casa Azul) [34] and a national project (SUSHI) [36], 
33 possible adaptation measures were listed. Of these, the measures that 
showed more potential benefits related to user comfort with lower associated 
costs were analysed and selected for this study. Therefore, the adaptation 
measures considered were:  
• Improved thermal performance of the envelope´s components: with options 
for wall, roof and ceiling, considering components with greater thermal 
resistance, different solar absorptances and use of insulation;  
• Reduction of direct radiation on summer: with window´s shading through the 
use of external shutters only for the bedrooms or for all main rooms;  
• Enhanced ventilation: two measures were tested including an increase in the 
window´s ventilation factor for the main rooms, from 45% to 90% and increase 
in the windows size, first to meet the minimal requirements for the Brazilian 
Minimal Performance Standard (NBR 15575) and later to exceed it by 20%. 
Both measures were also tested simultaneously. 
• The effect of the building in contact with the ground was also tested. Since 
the focus was on the envelope, appliances and lighting were assumed to be a 
fixed parameter in all scenarios. Measures were first evaluated through 
isolated analyses (one measure at a time), and in a second stage with 
combined measures, using for the parametric simulations the JePlus program 
version 1.5.1. The advantage of using this program for parametric simulations 
has been demonstrated by Zhang and Korolija [36].  
2.3.1. Isolated analysis of the adaptation measures  
Since houses are often build without considering their orientation, initially four 
orientations were tested (0°, 90°,180°,270°). The orientation with poorer 
performance in the analysed indicators (180°) was assumed for the base case 
and for all cases of the isolated analysis, considering that potential benefits of 
that orientation will be increased in others. Table 2 shows the identification 
and characteristic of the energy efficiency measures. Some measures for 
windows were different in São Paulo and Salvador, and are identified as SP (for 
São Paulo) or SAL (for Salvador). Totally 456 thermal and energy simulations 
were done at this stage: 216 for São Paulo and 240 for Salvador.  
2.3.2. Definition of combined adaptation measures  
This simulation of combined adaptation measures considered only options that 
performed better on the first stage or that represented an average 
performance of a group. The combined measures that were tested are 
described as one of the measures adopted. All cases with combined adaptation 
measures at this stage assumed an orientation of 0° (Figure 2) in the two cities. 
A total of 2,004 cases were simulated for both cities, being 1,722 for São Paulo 
and 282 for Salvador. Together with the first stage a grand total of 2,460 
simulations were done.  
2.4 Indicators for evaluation: energy consumption and cooling and heating 
degree-hours  
Indicators considered relevant for thermal and energy performance of the 
building in relation to climate change adaptation included: expected annual 
energy consumption with the use of HVAC and degree-hours for cooling and 
heating as an indicator related to thermal performance and therefore thermal 
comfort of the user (with heating degreehours only in São Paulo). The results 
compared the base case and the cases with adaptation measures in the three 
climate scenarios (current, 2020 and 2050). Energy consumption considered 
the use of equipment, lighting and environmental conditioning obtained from 
the simulation with the use of HVAC, taking into account the total 
consumption in the living room/kitchen and bedrooms. Data was analysed 
annually in kWh/year and kWh/(m2 /year). The evaluation also considered the 
use of degree-hours, an indicator used in the Brazilian Energy Label for 
residential buildings. This indicator, although it shows the characteristics of 
thermal performance of the building, can be related to the user´s thermal 
comfort for evaluating dwellings with use of natural ventilation and the 
operative temperature. Results for this indicator were obtained through 
simulations considering the house with the exclusive use of natural ventilation. 
The indicator was estimated annually based on the operative temperature in 
the main spaces. A ponderation considering the main room´s areas was done 
in order to have only one indicator per case. For the degreehour a threshold 
temperature of 26o for cooling and 19.5oC for heating was adopted. Results 
were shown for each indicator in the three climate periods. Figure 4 shows a 
flow chart summarizing the steps of the methodology used.  
3. Results and discussion  
Figure 5 shows the comparison of the current weather files and the two 
obtained through the CCWorldWeatherGen Tool: 2020 and 2050, for both 
cities including air temperature, relative humidity and global horizontal 
radiation. In São Paulo, comparing the current scenario with 2050, average 
temperatures showed a tendency to increase in the future scenario by 2°C, 
overall, 3°C in some months, especially between May and September. For 
Salvador, changes were more constant throughout the year with an average 
increase in temperatures around 2°C. With the gradual increase in 
temperatures in future scenarios, there was a reduction in relative humidity. 
For São Paulo, the annual average showed a reduction of 2.4%, between the 
current and 2050 scenarios, while for Salvador was 1.3%. The annual average 
global horizontal radiation, showed an increase of 3.13 Wh/m2 in São Paulo 
while Salvador showed a reduction of 5.24 Wh/m2 , comparing the current 
period with 2050. Alves, Duarte and Gonçalves [22] used for their study 
regional data for São Paulo with the RCP 8.5 scenario. The RCP emission 
scenario considers different periods (near future, medium future and faraway 
future). The 2020 period from SRES corresponds to the near-future, the 2050 
to the middle-future and the 2080 to the distant-future. The climate data used 
by the authors show around 1°C difference in the annual mean temperature 
when comparing with the climate data used in this study, nevertheless showed 
similar performance in the mean monthly temperatures and the same heating 
tendency in the São Paulo future climate. This corroborates the use of the 
climate data in this study and gives confidence that the results represent a 
reliable tendency.  
Results of the thermal and energy simulations are shown first for São Paulo in 
a more detail analysis and later for Salvador.  
3.1. Analysis for energy efficiency adaptation measures for the project in São 
Paulo  
In São Paulo, the base case showed an increase of cooling degree-hours and a 
reduction of heating degree-hours in the future climate. Considering the 
weighted average for the main rooms, the cooling degree-hours increased 
from 2,447 in the current period to 7,491 in the 2050 period. Also, comparing 
the same scenarios, the energy analysis of the base case showed an increase of 
140% for expected cooling consumption, being predominant in all climate 
periods. Cooling increased from 19.12 kWh/(m2 /year) in the current climate 
to 45.92 kWh/(m2 /year) in the 2050 period.  
Results for São Paulo for each adaptation measure analysed compared to the 
base case were as follows: the solar absorptance of the wall, had a greater 
influence in the 2050 period, especially for the indicator of cooling 
degreehours. The case with a wall with solar absorptance 0.7 (darker colour) 
resulted in an increase in degree-hours of 1,400 compared with the case of 0.2 
solar absorptance (lighter colour) in the current climate. For 2050, that 
difference was 3,200 degrees-hours. Concerning the walls construction 
materials, walls with low thermal transmittance and medium/high thermal 
capacity, such as double brick wall, brick wall with insulation and concrete wall 
with insulation showed better performance for all indicators in the three 
climate periods. Walls with low thermal capacity and either with medium or 
low thermal transmittance like wooden walls had low performance for the 
cooling and heating degreehour indicators. Wooden and concrete walls 
without insulation performed differently depending on the climate period and 
indicator. The wooden wall without insulation presented the worst 
performance in current and 2020 period for the cooling consumption indicator. 
By 2050 the worst performance for that indicator was observed for the 
concrete wall without insulation, followed by the base case. For heating 
consumption, the concrete wall without insulation, wooden wall without 
insulation and the base case, resulted in the highest consumption. Although 
the heating consumption was considered low and only relevant in the current 
climate. All roof measures improved the performance in relation to the base 
case, for the cooling degree-hour indicator. But, this was not the case for the 
heating degree-hour indicator. The cases that had a roof without insulation 
exhibited higher degree-hour for both cooling and heating. Overall, the roof 
with metal tile, solar absorptance 0.3 (light colour) and 7 cm of insulation had 
the best performance in the cooling degree-hour for the three periods, mainly 
due to the lower absorptance and the insulation layer. The cases with clay tile 
with lower solar absorptance and thicker insulation also achieved similar 
performance than the roofs with metal tiles. 5cm or more insulation was 
observed to be more effective in roofs with medium solar absorptances. In 
terms of energy consumption, the performance of all cases was similar with 
natural ventilation, and roofs with insulation presenting better performance in 
the three climate periods. Roofs with higher insulation (7 cm) showed better 
performance, although the difference with lower thicknesses insulation (2.5 
cm and 5 cm) was not significant for cases with HVAC, and more significant for 
cases with natural ventilation. Regarding the ceilings, for all indicators, the 
concrete slab with EPS ceiling exhibited slightly superior performance 
compared to other ceiling types, being more evident for the 2050 period; 
although the three ceilings showed similar behaviour, especially comparing the 
PVC and wood. All measures related to enhanced ventilation and windows 
shading showed improvements compared to the base case for the cooling 
indicators. Major differences were observed for the natural ventilation 
options. Shading in all rooms obtained the best performance in all indicators 
and three climate periods, followed by the measure of 90% ventilation factor 
and later for the measure of bigger windows with ventilation factor of 90%. 
However, the increase in windows size alone did not appear to be as effective 
as shading or increased in the ventilation. For all indicators, the case without 
contact with the ground showed lower performance in all climate periods.  
All measures assessed at the first stage are shown in the same graph for 
performance comparison in the three climate periods for each indicator. Figure 
6 shows the results for cooling and heating degree-hour, both for the base case 
and cases with adaptation measures evaluated each at a time. The blue dot 
(bottom line) shows the performance in the current climate; the red dot in the 
2020 period and the green dot, the 2050 period. The dotted line shows the 
band performance of the base case considering the three climate periods.  
Considering all adaptation measures analysed in comparison to the base case 
and for the cooling degree-hour indicator, the highest values were measured in 
the cases with wood walls, and to a lesser degree in the building above the 
ground, and with greater solar absorptance for external walls and wood 
ceiling. While the lowest values, or better performance were to be measured 
in the cases related to changes in walls construction, roof construction and low 
solar absorptance for exterior walls. For the building in São Paulo, changes to 
the windows, although showed a reduction in the cooling degrees-hour, did 
not represent as significant a difference as other measures. Reductions in the 
cooling degree-hour comparing the base case with the most relevant 
adaptation measures for the current and 2050 period are as follows: Wall with 
solar absorptance 0.3 (current: 34.28% | 2050: 25.97%); double brick wall 
(32.82% | 20.64%); brick wall with insulation (27.59% | 17.79%); concrete wall 
with insulation (55.55% | 37.14%); clay roof with 5cm insulation and solar 
absorptance 0.5 (48.35% | 32.50%); metal roof 7cm insulation and solar 
absorptance 0.3 (57.87% | 39.88%); shading all rooms (15.34% | 13.62%) and 
bigger windows with ventilation factor of 0.90 (13.57% | 15.50%).  
In relation to the heating degree-hour indicator, several measures increased 
the heating degree hours compared to the base case, especially low solar 
absorptance (lighter colour) in walls and roofs, the wooden walls, the concrete 
walls without insulation, and the windows with ventilation factor of 0.90. On 
the other hand, measures related to walls, especially, with higher thermal 
capacity (double brick wall) and with insulation (brick and concrete), showed a 
significant reduction for the heating degree-hour indicator.  
Figure 7 shows the energy consumption for heating and cooling together 
expressed in kWh/m2 /year due to the HVAC consumption. In relation to the 
expected use of HVAC for cooling and heating, measures to the roof including 
lower solar absorptance (light colour) and insulation stand out as displaying a 
good performance, as well as the measure of lower absorptance on the 
exterior walls. Also, some measures related to changes in walls presented good 
performance, as the double brick wall and the insulated walls (brick and 
concrete).  
Reductions in the expected energy consumption of HVAC comparing the base 
case to some measures analysed considering the current climate and 2050 
period are as follows: wall absorptance 0.3 (current: 21.86% | 2050: 20.98%); 
double brick wall (26.18% | 13.61%); insulated brick wall (23.94% | 12.87%); 
insulated concrete wall (40.82% | 21.74%); clay roof with 5cm insulation and 
solar absorptance 0.5 (28.18% | 19.13%); metal roof 7cm insulation and solar 
absorptance 0.3 (34.07% | 23.64%); shading all main rooms (7.41% | 8.22%) 
and bigger windows with ventilation factor of 0.90 (4.67% | 5.82%).  
After the analysis of the isolated measures, some measures were chosen for 
combined evaluation, based on those that presented better performance or 
representative performance of a group. Table 3 shows the measures chosen 
for São Paulo.  
The combination of measures can change the thermal properties of the 
building elements (e.g. the roof). Table 4 shows the thermal properties for the 
selected roofs with the combined ceilings.  
Figure 8 shows the results for the indicator of cooling degree-hour of the 
combined adaptation measures for the project in São Paulo, in the current and 
2050 period. Results are organized in ascending order from the worst 
performance (base case) to the best performance. The base case is shown with 
a thicker line.  
For the cooling degree-hour indicator, comparing the base case against the 
incorporation of combined adaptation measures, reductions of around 40% up 
to 90% were reached with little variation for all climate periods. However, it is 
emphasized that these results are considering user operating windows and 
external shading as defined in the Energy Label (i.e. ventilating when 
convenient). This is especially important for cases with higher insulation and 
higher thermal capacity, such as the cases with concrete wall with insulation. 
The cases that had the lowest performance with cooling degree-hour in all 
scenarios had in common wooden walls with insulation with either solar 
absorptance 0.3 and 0.6 and 18cm brick wall with solar absorptance 0.6. In 
contrast, the cases that showed the best performance had in common walls 
that already showed a good performance in the individual measures analysis, 
these being double brick wall and concrete wall with insulation with either 0.3 
solar absorptance (better performance) or 0.6 solar absorptance, and also 
18cm brick wall with 0.3 solar absorptance.  
Figure 9 shows the results for expected cooling consumption with combined 
adaptation measures for the current and 2050 period. For expected cooling 
consumption, reductions obtained for the combined adaptation measures 
showed a tendency of variability according to the climate period, being around 
34% to 80% for the current climate and from 32% and 69% for the 2050 period. 
Reductions were greater in the current climate due to the higher temperatures 
observed in the future periods.  
For cooling consumption, the best results in all scenarios had in common the 
same wall as in the previous evaluation.  
In 2050 period, 2/3 of the cases with the incorporation of combined measures 
would have the potential to maintain the same actual performance as the base 
case in the current climate based on the cooling degree-hours indicator, while 
for the cooling consumption this would apply to slightly less than half of the 
cases. The lower performance especially for the current and 2020 period is 
experienced in the option with double wood panel with insulation and solar 
absorptance 0.6. For the 2050 period the cases with 18 cm brick wall with solar 
absorptance 0.6 and clay tile with solar absorptance 0.6 had similar, and 
sometimes better performance than the cases with double wood panel 
insulation and solar absorptance 0.6.  
3.2. Analysis for energy efficiency adaptation measures for the project in 
Salvador  
For the project in Salvador, the measures analysed individually that 
represented a better performance than the base case in all indicators and the 
three climate periods were lower solar absorptance of the external walls; roof 
with lower solar absorptance and/or insulation, and shading of windows in all 
main rooms. Wooden walls increased the cooling degrees-hours but decreased 
the indicator of expected cooling consumption. All measures proposed for the 
roof improved the performance in both indicators, particularly roofs with 
insulation and lower solar absorptance. In the current climate, thicker 
insulation results in a better performance mainly in the cooling degree-hours 
indicator, however, in the future climate, this improvement was reduced 
especially for the metal roof, which already benefited from lower solar 
absorptance. A very similar behaviour was observed in the ceilings proposed 
with respect to the base case, with little variation between them. For the 
measures proposed for windows, shading showed a significant improvement in 
both indicators as already stated. Other measures like the use of ventilation 
factor of 90%, also showed significant improvements for the degree-hour 
indicator. An enhancement in the ventilation factor combined with bigger 
windows showed an even better performance in the degree-hour indicator, 
especially in the future periods. However, bigger windows without enhanced 
ventilation factor did not present significant difference compared to the base 
case. Figures 10 and 11 show all measures analysed each one at the time 
against the base case for the indicators: cooling degree-hour and expected 
energy consumption.  
The measures that presented the best performance were chosen for the 
adaptation measures applied in combination. Table 5 shows the measures 
chosen for analysis in the city of Salvador.  
By combining adaptation measures in the current climate, reductions in 
cooling degree-hours were obtained ranging between 33% to 68%, compared 
to the base case. In the 2050 period reductions ranged between 27% to 53%. 
The three best cases for this indicator were masonry walls with solar 
absorptance (α) 0.3, shading to all main rooms; and windows with ventilation 
factor of 90%. Two of the cases had metal roof (solar absorptance 0.3) while 
one of them had clay roof (solar absorptance 0.5) both with 5cm insulation. 
Figure 13 shows the results for the expected cooling consumption.  
For the combined measures and the indicator of expected cooling energy 
consumption, the maximum reductions observed were around 40% and the 
minimum around 12%, similar in all climate periods. For these indicators, the 
top three cases had shading in all rooms; wood ceiling and double wooden wall 
with (solar absorptance 0.3) and insulation. Two of the cases had a roof with 
metal tiles (solar absorptance 0.3 and 5cm insulation) and two had a 
ventilation factor of 90%.  
3.3. Discussion of the results  
From the analysis of the results some considerations can be made. The base 
case presents low thermal and energy performance in the current climate, and 
is expecting to be worst for future climate in both cities.  
For the dwelling in São Paulo, isolated measures that performed better in all 
indicators included changes in walls and roofs; in particular the use of walls 
with low thermal transmittance and medium/high thermal capacity; and roofs 
with insulation and lower solar absorptance. Lower solar absorptance of the 
wall was more effective in future periods due to future warmer climate. 
Reductions obtained using isolated measures were greater for the operation 
with natural ventilation and in the current climate. For the HVAC cases 
indicators reductions with isolated measures were a maximum of 40% for the 
current climate and 28% for the 2050 period. On the other hand, some isolated 
measures tested obtained inferior performance than the base case for São 
Paulo, such as building without contact with the ground. Also, the wooden 
walls showed lower performance than the base case with natural ventilation, 
especially considering cooling degree-hour, and had similar behaviour to the 
base case with HVAC. Isolated measures related to windows did not improve 
the performance of the dwelling in São Paulo as significantly as other 
measures, being more effective in the 2050 period, especially for the cooling 
degree-hour indicator.  
The analysis of combined measures in São Paulo, confirmed that the wall and 
roof type with their associate thermal properties are of great relevance for the 
building´s performance. The roofs analysed through the combined measures 
considered low thermal transmittance achieved by the insulation and the 
presence of a ceiling and low to medium solar absorptance. For São Paulo, in 
the combined measures analysis, the wall type showed a significant trend of 
the building performance. In general, cases with walls using absorptance 0.3 
showed a better performance than those with absorptance 0.6, although, the 
absorptance of walls could be compensated by performance in other 
components. Enhanced ventilation in the windows was not very effective, but 
cross ventilation was more effective. Also for São Paulo, all measures applied 
in combination resulted in improvements in most indicators, except the 
heating indicators. For the indicator of expected cooling consumption, the 
reduction achieved with the combined adaptation measures in São Paulo 
showed variations according to the climate period between 32% and 69% for 
2050. Greatest reductions were obtained in the current climate. Shading to 
windows was also important, especially for the bedrooms, since all the 
analysed cases for combined measures considered the use of external shutters 
in the bedrooms. However, the use of shutters in the living room/kitchen 
represents an adaptation that further improves the overall performance, but 
was not as significant as other measures.  
For the dwelling in Salvador, measures analysed one at a time displayed 
smaller reductions in percentage than for São Paulo, because Salvador´s 
climate already has higher temperatures and showed comparatively less 
difference between the different climate periods than São Paulo. With the 
single measures analysis and for the cooling degreehour indicator, the largest 
reductions were 25% for the current climate and 17% for the 2050 period. The 
adaptation measures that were most effective in all indicators were related to 
lower solar absorptance of the walls; roofs with insulation and lower solar 
absorptance; and shading to windows in all main rooms. Measures related to 
windows, both in increasing dimensions and the ventilation factor, were very 
effective for the operation with natural ventilation. On the other hand, the 
proposed changes for walls did not have a significant impact in Salvador, and 
the types of walls analysed showed, at times, different performance according 
to the indicator being evaluated. Wooden walls had lower performance than 
the base case for the cooling degree-hour indicator, especially in the current 
climate, being similar to the base case in the 2050 period. Yet, for the expected 
energy consumption for Salvador, wooden walls showed a performance 
significantly higher than the base case. On the other hand, measures such as 
concrete wall without insulation showed low performance, being the worst 
performance of the measures analysed with HVAC, which is consider a 
problem, since it is a current and recurrent practice.  
Also for Salvador, considering the combination of adaptation measures, the 
ones that contributed the most for improving performance, were the lower 
solar absorptance of the walls and use of shading to all main rooms. The two 
types of roofs evaluated (clay and metal tile) did not present significant 
differences. Therefore, the use of the insulation was considered more 
important, since both specified roofs for combined measures had 5cm 
insulation. The ceilings also did not show significant differences. For the 
evaluation of combined measures, the increase in window´s size was more 
relevant for improvement than the increase in ventilation factor, because all 
windows on that evaluation considered bigger windows than the base case. 
Cases with best performance were found in the same proportion with 
ventilation factor of 45% and 90%.  
For both cities, the use of insulation on the roof appeared to be a very 
effective measure. However, for São Paulo, changing the thickness of the 
insulation in the roofs did not show significant difference in most of the 
indicators, being more relevant to the heating degree-hour indicator, but 
heating only appears relevant in the current climate. For Salvador, in roofs with 
lower solar absorptance (0.3), the insulation´s thickness did not show 
differences between the evaluated indicators.  
The use of external insulation on the walls for the project in São Paulo showed 
a tendency to improve the performance in the indicators evaluated in the 
three climates; however, for Salvador, external insulation on the walls did not 
result in significant improvements. Though, it is important to consider that the 
thermal and energy simulations were performed considering a type of user 
that shows an adequate control of the window´s opening and the shading 
device. It may be important to analyse user behaviour in relation to other 
measures such as: insulation in walls, especially with higher thermal capacity, 
as in the case of the concrete wall, because if ventilation occurs on the hot 
period the heat can be storage into the walls and later release into the room, 
causing discomfort to the user.  
The analysis of the isolated measures identified the most relevant measures 
for each city. The investigation of the combined measures showed that a good 
performance is possible to obtain with many combinations and highlighted a 
high potential to improve the base case performance in the 2050 period, 
compared to the current climate, for both cities. Results of this study 
demonstrated that the business as usual for the development programs for 
social housing should be reviewed taking into account climate change, and 
showed important opportunities for improvement of current and future social 
housing projects.  
Conclusions  
In this paper, energy efficiency measures for climate change adaptation were 
addressed considering the building envelope and addressing one building 
typology (detached house) that represents current practice in the lower 
income sector of Brazilian social housing. This research considered the base 
case and the incorporation of energy efficiency measures into the project, 
individually and combined, through thermal and energy simulation. The 
analysis was done for the cities of São Paulo and Salvador. The adaptation 
measures were evaluated according to annual indicators in the building 
operation including: expected energy consumption and cooling and heating 
degree-hours. The outcomes of the study showed that for dwellings with 
natural ventilation, the predominant form of operation in the country, the 
main problem will be to maintain adequate performance in the context of the 
warming predicted in future climate. The base case showed significant increase 
in indicators related to cooling in upcoming climate, in São Paulo and Salvador. 
On the other hand, in future climate periods a reduction in heating indicators 
was observed for São Paulo, making heating only relevant in the current 
climate.  
Some differences in performance were observed relating to the climate period 
and the indicators evaluated. The results showed building performance trends 
for a future climate as established by the IPCC. Given the limitations of this 
study, which include the current uncertainty regarding future climates, the 
study being limited to one scenario and without an error analysis, it is 
suggested that the results of this research are be treated as a trend rather than 
as absolute values.  
However, the results suggest some recommendations relating to current 
climate data that are reinforced if future climate data is considered. Taking this 
into consideration, the uncertainty of the future climate data does not affect 
the reliability of the main observations and recommendations of this study. For 
instance, in São Paulo, adaption measures evaluated in an isolated way, which 
proved to be very effective, are related to the improvement in the 
performance of walls and roof. Walls with low thermal transmittance and 
medium/high thermal capacity as double brick wall, brick wall with insulation 
and concrete wall with insulation had better performance in all indicators and 
all three climate periods. Also roofs with insulation and the measures related 
to windows showed similar performance in the three climate periods. Another 
important result is that the reductions achieved with the combined measures 
were observed in all climate periods being to be higher in the current climate 
for some indicators. Furthermore, for the evaluation of combined measures in 
São Paulo, changes in the wall resulted in a significant trend in the 
performance of the building in all climate periods with greater reductions for 
some type of walls experienced in naturally ventilated building and in the 
current climate. Some variations in the three climate periods in relation to 
performance improvements were measured in relation to wooden walls and 
concrete walls, whereby the lower solar absorptance of the wall enhanced the 
performance in the 2050 period.  
A similar trend of improvements irrespective of climate period was measured 
for the project in Salvador. Measures analysed individually, such as, the lower 
solar absorptance of the external walls; lower solar absorptance and/or 
insulation of the roof, and shading of windows in all main rooms resulted in a 
better performance in relation to the base case in all indicators and all three 
climate periods. Furthermore, an enhancement in the ventilation factor 
combined with bigger windows showed an even better performance in the 
degree-hour indicator, in all three climate periods but especially in the future 
periods.  
Considering that many measures where shown to affect performance in the 
same way in the different climate periods, the potential errors in the future 
climate data do not invalidate the results, which could confidently be used to 
advise state policy.  
In conclusion, many measures improve current and future performance and 
therefore can benefit users now and in future. Thus, the importance of 
incorporating energy efficiency measures in projects in view of climate change 
is clear. Combined measures presented even better results for the 
improvement of thermal and energy performance than the use of individual 
measures, in current and future climate, and therefore represent the way 
forward and an approach to be recommended for implementation within the 
programs of social housing.  
Also supporting these recommendations are the results from the analysis that 
show that some specifications that are currently being used in many social 
housing projects, such as concrete wall without insulation, higher solar 
absorption of the wall and some wooden walls without insulation (for the 
project in São Paulo), negatively affect the performance of the dwelling. These 
construction methods create uncomfortable buildings now that in future will 
be even more uncomfortable and therefore should be reviewed.  
The methods currently adopted to design and specify social housing have been 
shown through this research to be problematic. The representative project of 
the detached house that currently showed a poor performance in the current 
climate would perform even worse in future. Traditionally projects are 
evaluated considering weather data from previous years that do not take into 
account the useful life of the building, estimated to be at least 50 years. There 
needs to be a change in the way projects are considered. Energy efficiency 
adaptation measures, applied in combination, have potential for a significant 
improvement in the indicators analysed in both current and future climate 
periods. Further research, investigating for example the design of the typology, 
could be beneficial in further optimising the energy efficiency design of the 
social housing units.  
Some obstacles to the implementation of energy efficiency measures in social 
housing, such as higher cost, also demand further research into the building’s 
whole life energy use in order to help prioritize the selection of building 
measures. Further studies might also simulate user behaviour other than that 
stipulated by the Brazilian Energy Labelling methodology. Other user 
behaviours may alter the results, particularly in the cases with external walls 
with insulation and, those that combine insulation with greater thermal mass, 
such as the case of the concrete wall, especially for São Paulo.  
Finally, without incorporating energy efficiency measures in the projects that 
are being built for the social housing sector today, a trend of increased energy 
consumption associated with air conditioning can be expected. For Brazil, this 
would have a high impact on resource consumption. Thus, incorporating 
energy efficiency measures in social housing projects today is not only 
essential for creating comfortable homes for their users, but fundamental to 
minimize the effects of climate change in the coming decades, and for reducing 
serious pressure on the energy infrastructure of the country.  
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